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VISIBLE -RADIATION ACTIVATING TYPE PHOTOCATALYST AND 
METHOD FOR PRODUCING THE SAME 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a photocatalys t having 
a visible light activity, to a method for producing the 
photocatalys t , a method of photodecomposi tion using a light 
involving visible rays , and to a device using the photocatalys t . 
Background Art 

Various studies on deodorization and sterilization using 
photocatalys ts have been made to present, and some of them have 
been put to practice. For instance, in WO94/11092 is disclosed 
a method for treating air using a photocatalys t under the 
irradiation of room light. In Japanese Patent Laid-Open No. 
102678/1995 is disclosed a method for preventing medical 
infection from occurring in hospitals by using photocatalys ts . 
In both cases, an oxide semiconductor such as titanium dioxide 
and the like is used as the photocatalys t , which requires an 
ultraviolet radiation 400 nm or shorter in wavelength for the 
excitation . 

However, sunlight or an artificial light source used as 
the excitation light source also includes visible rays in 
addition to ultraviolet radiations. Yet, the visible rays are 
not used in the photocatalys ts comprising oxide semiconductors 



such as titanium dioxide as described above; hence, such 
photocatalys ts are extremely inefficient as viewed from the point 
of energy conversion efficiency. 

It is well known that titanium dioxide acquires 
photocataly tic activity by injecting metallic ions such as 
chromium by using ion implantation method . However, this method 
is practically unfeasible because it involves the use of 
voluminous equipment. 

On the other hand, it is reported that the catalytic 
activity of titanium dioxide under ultraviolet radiation can 
be increased by providing it with Tie coating using plasma CVD 
(see Japanese Patent Laid-Open No. 87857/1997) . However, the 
literature does not teach any photocataly tic activity under the 
irradiation of visible light. 

In the light of such circumstances , an ob j ec t of the present 
invention is to provide a novel photocatalys t capable of using 
visible light. 

A second object of the present invention is to provide 
a production method for the photocatalys t above. 

Furthermore, a third object of the present invention is 
to provide a method for removing various types of substances 
including organic matter or bac teria by photodecomposi t ion using 
the novel photocatalys t described above. 

Further, a fourth object of the present invention is to 
provide a device using the novel photocatalys t above. 



SUMMARY OF THE INVENTION 
The present invention relates to a catalyst that exhibits 
activity under the irradiation of visible light, characterized 
by that it is an oxide semiconductor having stable oxygen defects . 

As the oxide semiconductor, there can be mentioned, in 
addition to titanium dioxide, hafnium oxide, zirconium oxide, 
strontium titanate, a titanium oxide- zirconium oxide based 
complex oxide , a silicon oxide - titanium oxide based complex oxide , 
etc . 

As the catalyst above , there can be mentioned, for instance, 
a catalyst having activity under the irradiation of visible light 
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and which is an anatase type titanium dioxide having stable oxygen 
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defects. 
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producing a visible - radiation activating type photocatalys t , 
comprising hydrogen plasma treating or rare gas element plasma 
treating an oxide semiconductor, characterized by that the 
treatment is performed in a treatment system under a state 
substantially free from the intrusion of air. In addition, the 
present invention relates to a method for producing a 
visible- radiation activating type photocatalys t characterized 
by that rare gas element ions are injected to at least a part 
of the surface of the oxide semiconductor. Further, the present 
invention relates to a method for producing a catalyst exhibiting 



activity under the irradiation of visible radiation, 
characterized by that the oxide semiconductor is heated in vacuum . 
In particular, the oxide semiconductor above can be an anatase 
type titanium dioxide. Furthermore, the present invention 
relates to a catalyst produced by the production method above 
according to an aspect of the present invention, which exhibits 
activity under the irradiation of visible radiation, and 
mentioned as examples of said oxide semiconductor are, for 
instance, titanium dioxide, hafnium oxide, zirconium oxide, 
strontium titanate, a titanium oxide - zirconium oxide based 
complex oxide , a si 1 icon oxide - titanium oxide based complex oxide , 
etc . 

Further, the present invention relates to an article 
characterized by that the catalyst according to the present 
invention above is provided on the surface of a base material. 

In addition, the present invention relates to a method 
for photo decomposing a substance, comprising, under the 
irradiation of a light including visible rays, bringing the 
catalyst according to the present invention above or the article 
according to the present invention into contact with a medium 
containing the object to be decomposed, thereby effecting the 
decomposition of the object to be decomposed. 

Further, the present invention refers to a device for use 
in photodecomposi tion, comprising a photocatalys t unit having 
the catalyst according to the present invention provided on the 



surface of a base material and a light source for irradiating 
a light including visible radiation to the pho tocatalys t above. 

The present invention refers , furthermore, to an electrode 
for use in solar cells and to an electrode for use in the 
photodecomposi tion of water. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a diagram showing the X-ray dif f ractograms for 

each of the samples obtained before and after plasma treatment; 

FIG. 2 is a diagram showing the ESR spectrum of a specimen 

(anatase - type titanium dioxide) before plasma treatment; and 
FIG. 3 is a diagram showing the ESR spectrum of a catalyst 

according to the present invention (a specimen (anatase - type 

titanium dioxide) after subjecting it to plasma treatment) 

DESCRIPTION OF THE EMBODIMENTS OF THE INVENTION 
The catalyst according to the present invention is 
characterized by that it is an oxide semiconductor having stable 
oxygen defects. Furthermore, the catalyst according to the 
present invention is a catalyst that exhibits activity under 
the irradiation of a visible light. As the oxide semiconductor 
above, there can be mentioned, for instance, titanium dioxide, 
hafnium oxide, zirconium oxide, strontium titanate, a titanium 
oxide - zirconium oxide based complex oxide, a silicon 
oxide - titanium oxide based complex oxide, etc. f but is not only 



limited thereto. The oxide semiconductor may be a rutile type 
titanium dioxide or an anatase type titanium dioxide. 
Particularly preferred as the oxide semiconductor from the 
viewpoint of practice is an anatase type titanium dioxide. 

The case of anatase type titanium dioxide, which is a 
representative oxide semiconductor, is described below. The 
catalyst according to an embodiment of the present invention 
is characterized by that it is an anatase type titanium dioxide 
having stable oxygen defects , and that it exhibits activity under 
the irradiation of a visible light. 

Further, the catalyst according to the present invention 
may be a titanium dioxide which yields a di f f ractogram obtainable 
by X- ray diffraction (XRD) substantially free f rompatterns other 
than that of anatase type titanium dioxide. 

The degree of oxygen defects of the anatase type titanium 
dioxide that is used as the catalyst according to the present 
invention can be specified by the ratio of peak area obtained 
by X-ray photoelec tron spectroscopy assigned to the Is electrons 
of oxygen participating in the bonds with titanium to that 
assigned to the 2p electrons of titanium (01s/Ti2p) , and the 
value is, for instance, 1.99 or lower. A more preferred peak 
area ratio (01s/Ti2p) is in a range of from 1.5 to 1.95. The 
stability of the oxygen defects of the oxide semiconductor 
signifies, in case the catalyst according to the present 
invention is, for instance, an anatase type titanium dioxide 



having oxygen defects, that the area ratio (01s/Ti2p) described 
above is maintained substantially constant even in case the 
catalyst is left in air for 1 week or longer. It is well known 
that oxygen defects generate when titanium dioxide is reduced 
by gaseous hydrogen, however, the oxygen defects that are 
obtained by reduction using gaseous hydrogen are extremely 
unstable, and such defects disappear in a short period when left 
in air. On the other hand, the oxygen defects that are present 
in the catalyst according to the present invention are extremely 
stable, such that they remain stable for at least half a year 
even when the catalyst is left under ambient . Furthermore , when 
the catalyst according to the present invention is used in a 
photocata lytic reaction , the oxygen defects above do not diminish 
in a short period of time, but it can be used stably as a catalyst . 

Concerning the band gap of titanium dioxide, an anatase 
type yields a value of 3.2 eV, and a rutile type yields 3.0 eV. 
Both types are activated solely by ultraviolet radiation, but 
the catalyst according to the present invention not only exhibi ts 
photoactivi ty under the irradiation of an ultraviolet radiation 
inherent to titanium dioxide, but also is photoac tivated by 
visible light alone. The degree of photoac tivation of the 
catalyst according to the present invention obtainable by the 
irradiation of a visible light depends on the quantity of the 
oxygen defects and the like; however, in case of an anatase type 
titanium dioxide , for instance, if the activity obtainable under 



the irradiation of a black light radiation with radiations 400 
nm or longer in wavelength being cut off is taken as 100, an 
activity of at least 5 can be obtained under an irradiation of 
light radiated from a halogen lamp with radiations 420 nm or 
shorter in wavelength being cut off, and in general, an activity 
of 20 or higher is achieved. Furthermore, the activity of the 
catalyst according to the present invention under the irradiation 
of a visible light is attributed to the oxidation activity or 
the reduction activity inherent toanatase type titanium dioxide . 

The activity of the catalyst according to the present 
invention under the irradiation of a visible light signifies 
that the catalyst at least exhibits an NOx oxidation activity 
under the irradiation of visible radiations 400 to 600 nm in 
wavelength. The titanium oxide known heretofore exhibits 
activity of a certain degree under the irradiation of a visible 
light having a wavelength in the vicinity of 400 nm attributed 
to the band gap described above. However, no catalysts having 
a photocataly tic activity for visible radiations in the 
wavelength region of longer than 500 nm up to a vicinity of 600 
nm are known to present. 

For instance, the catalyst according to the present 
invention obtainable by the hydrogen plasma treatment or by the 
rare gas element plasma treatment yields a NOx oxidation activity 
(NO removal activity) of at least 30 under the irradiation of 
a light 460 nm in wavelength, preferably 50 or higher, and most 
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preferably, 60 or higher, with respect to the NOx oxidation 
activity (NO removal activity) of 100 achieved under the 
irradiation of a light 360 nm in wavelength. Further, the NOx 
oxidation activity (NO removal activity) obtained under the 
irradiation of a light 560 nm in wavelength is at least 5, 
preferably 10 or higher, and most preferably, 15 or higher. 

In case of an anatase type titanium oxide manufactured 
by Ishihara Sangyo Kaisha which is reputed to have a high 
photocatalytic activity, the NOx oxidation activity (NO removal 
activity) obtained under the irradiation of a light 460 nm in 
wavelength is approximately null, and completely no activity 
is obtained under the irradiation of a light 560 nm in wavelength, 
with respect to the NOx oxidation activity (NO removal activity) 
of 100 obtained under the irradiation of a light 360 nm in 
wavelength . 

For the measurement of the NOx oxidation activity (NO 
removal activity) as referred above, a 300 -W xenon lamp was used 
for the light source, and a monochromatic light having a half 
band width of 20 nm was irradiated by using an irradiation 
apparatus manufactured by JASCO. More specifically, the 
radiations having a wavelength of 360 nm, 460 nm, and 560 nm 
are each a monochromatic light having a half band width of 20 
nm . 

The catalyst having a photocatalytic activity with respect 
to a visible light in the wavelength region up to the vicinity 



of 60 0 nm in wavelength is , for instance, a titanium oxide having 
stable oxygen defects, which yields a signal having a g value 
of from 2.003 to 2.004 in the ESR measured in darkness at 77K 
under vacuum, provided that they yield a signal higher in 
intensity than the g value of from 2.003 to 2.004 above when 
measured at least under the irradiation of light in the wavelength 
region of from 420 to 600 nm at 77K in vacuum. The signals having 
a g value of from 2.003 to 2.004 measured by ESR under the 
conditions above are known to be assigned to the oxygen defects 
of titanium oxide . However, it is not known that a photocatalys t 
having excellent photoac tivi ty with respect to visible 
radiations can be provided in case the above signals measured 
under the irradiation of light in the wavelength region of from 
420 to 600 nm at 77K in vacuum is greater in intensity as compared 
to those obtained in darkness as above. 

Preferably, the ratio of the intensity 10 of the ESR signal 
having a measured g value in the range of from 2.003 to 2.004 
under darkness at 77K in vacuum to the intensity IL of the ESR 
signal having a measured g value in the range of from 2.003 to 
2.004 at 77K in vacuum under the irradiation of a radiation in 
the wavelength region of at least 420 to 600 nm, IL/I0, is over 
1 ; more preferably , the ratio (IL/I0) is 1.3 or higher, and most 
preferably, it is 1.5 or higher. 

In addition to above, preferred from the viewpoint of 
obtaining a photocatalys t having a higher activity with respect 
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to visible radiations is that a signal assigned to Ti 
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yields a g value of 1.96 when measured by ESR in darkness at 
77K in vacuum, is substantially not observed. 

The same applies to oxide semiconductors other than 
titanium dioxide. Hence, such an oxide semiconductor is 
photoac tivated not only under the irradiation of an ultraviolet 
radiation, but by the irradiation of a visible radiation alone. 
The degree of photoactivation by the irradiation of a visible 
light depends on the quantity of oxygen defects and the like. 
The activity of the catalyst according to the present invention 
under the irradiation of a visible light is attributed to the 
oxidation activity or the reduction activity inherent to the 
oxide semiconductor . 

Furthermore, the activity of the catalyst under the 
irradiation of a visible light according to the present invention 
is a decomposition activity for inorganic and organic substances , 
or a bactericidal activity. 

There is no particular limitation concerning the shape 
of the catalyst according to the present invention, and can be 
used in a granular, a thin-film like, or a sheet-like shape. 
However, the shape is not limited thereto. The granular oxide 
semiconductor (catalyst) may be finely size reduced with an aim 
to increase the activity, or may be pel let i zed to ease the handling 
thereof. Concerning the surface of the oxide semiconductor 
(catalyst) shaped into thin films or sheets, it may be roughened 
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to increase the activity. Furthermore, other components may 
be added to the titanium dioxide above at such a degree that 
their addition does not impair the activity to visible light 
of the catalyst according to the present invention. 

The catalyst according to the present invention can be 
obtained, for instance, by a method comprising treating an oxide 
semiconductor with hydrogen plasma or a plasma of a rare gas 
element, and the method is characterized by that the treatment 
is performed in a state substantially free from the intrusion 
of air into the treatment system. 

The oxide semiconductor above may be, for instance, 
titanium dioxide, hafnium oxide, zirconium oxide, strontium 
titanate, a titanium oxide- zirconium oxide based complex oxide, 
a silicon oxide - titanium oxide based complex oxide, etc. 

The anatase type titanium dioxide that is used as the 
starting material may be obtained by a wet method; for instance, 
there may be used a titanium dioxide produced by sulfuric acid 
method, or a titanium dioxide prepared by a dry method. 

The treatment using hydrogen plasma can be performed by 
generating hydrogen plasma obtained by introducing gaseous 
hydrogen to an oxide semiconductor provided under a reduced 
pressure state while irradiating an electromagnetic wave, for 
instance, a microwave or a radio wave, and exposing the oxygen 
semiconductor to the plasma for a predetermined duration of time . 
In the treatment using a plasma of a rare gas element, the treatment 
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can be carried out by generating a plasma of a rare gas element 
obtained by introducing gaseous rare gas element to an oxide 
semiconductor provided under a reduced pressure state while 
irradiating an electromagnetic wave, for instance, a microwave 
or a radio wave, and exposing the oxygen semiconductor to the 
plasma for a predetermined duration of time. As the rare gas 
element, there can be mentioned, for instance, helium, neon, 
argon, krypton, xenon, radon, etc., however, from the viewpoint 
of ease in availability, preferred are the use of helium, neon, 
argon, etc. 

The reduced pressure state is, for instance, 10 Torr or 
lower, or may be 2 Torr or lower. The output of the 
electromagnetic wave can be properly selected by taking the 
quantity of the oxide semiconductor to be treated or the state 
of plasma generation into consideration. The amount of gaseous 
hydrogen or the gaseous rare gas element to be introduced into 
the system can be properly selected by taking the reduced pressure 
state or the state of plasma generation into consideration. The 
time duration of exposing the oxide semiconductor to the hydrogen 
plasma or the plasma of the rare gas element is properly selected 
depending on the quantity of oxygen defects that are introduced 
into the oxide semiconductor. 

The production method according to the present invention 
is characterized by that it is performed in a state substantially 
free from the intrusion of air into the plasma treatment system. 
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The state "substantially free from the intrusion of air into 
the plasma treatment system" signifies that the vacuum degree 
inside the tightly sealed system takes at least 10 minutes to 
make a change of 1 Torr. The less the intrusion of air occurs, 
the more easily the oxygen defects are introduced into the oxide 
semiconductor . 

Furthermore, if desired, the hydrogen plasma above may 
contain gases other than gaseous hydrogen. As gases other than 
gaseous hydrogen, there can be mentioned, for instance, those 
of rare gas elements. In the production method according to 
the present invention, oxygen defects can be introduced into 
the oxide semiconductor by using plasma of hydrogen or of rare 
gas element, and the coexistence of the rare gas element together 
with hydrogen plasma is not essentially required for the 
introduction of oxygen defects. The same can be said to the 
case of using the plasma of rare gas element. Thus, the plasma 
of a rare gas element may contain gases other than those of rare 
gas elements if desired, and as such gases , there can be mentioned 
gaseous hydrogen. However, the coexistence of hydrogen in the 
plasma of rare gas element is not essential in introducing oxygen 
defects . 

The catalyst according to the present invention can be 
also produced by a method comprising ion - in j ec ting the ions of 
a rare gas element to at least a part of the surface of the oxide 
semiconductor. The ion implantation method can be carried out 
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by using the methods and apparatuses currently used in the 
semiconductor industry. The conditions of ion implantation can 
be properly determined depending on the quantity of the ions 
of the rare gas element, the type of the oxide semiconductor, 
etc. Further, as the rare gas elements , there can be mentioned, 
for instance, helium, neon, argon, krypton, xenon, radon, etc., 
however, from the viewpoint of ease in availability, preferred 
are the use of helium, neon, argon, etc. 
O Furthermore, the production of the catalyst according to 

%i the present invention is not only limited to powder, but there 

m 

t=W can also be used titanium oxide fixed to a substrate by using 

w 

w a proper binder, etc. 

e m The catalyst according to the present invention may be 
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,J: produced by a method comprising heating an oxide semiconductor 
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^ in vacuum. For instance, by subjecting titanium dioxide to a 

heat treatment in high vacuum, or by subjecting it to hydrogen 
reduction while heating under high vacuum, it is known that oxygen 
defects are generated to cause visible light absorption. 
However, it is not known that the resulting titanium dioxide 
containing oxygen defects function as catalysts exhibiting 
activity under the irradiation of a visible light 

The production method above may be, for instance, a method 
comprising heating an anatase type titanium dioxide to a 
temperature of 400 °C or higher under a vacuum of 1 Torr or lower. 
The time duration of the treatment may be properly set depending 



on the vacuum degree and the temperature , but in case of a treatment 
at 400 °C under a vacuum of 0 . 1 Torr or lower, the time duration 
may be set in a range of from 30 minutes to 1 hour. 

As described above, an anatase type titanium dioxide 
subjected to a hydrogen plasma treatment or a rare gas element 
plasma treatment, or such injected with ions contains stable 
oxygen defects, and become a catalyst exhibiting activity under 
the irradiation of a visible light. Similarly, a rutile type 
titanium dioxide, zirconium oxide, hafnium oxide, strontium 
titanate, etc. , also can provide a catalyst exhibiting activity 
under the irradiation of a visible light by subjecting them to 
a hydrogen plasma treatment or a rare gas element plasma treatment , 
or by injecting ions thereto . However, the intensity of activity 
and the wavelength dependence of the activity under the 
irradiation of a visible light greatly differ depending on the 
type of the oxide semiconductor and the treatment method. 
Zirconium oxide is a semiconductor, however, it has a large band 
gap, and was thereby believed to show no function as a practically 
useful photocatalyst . Still, however, by subjecting it to a 
hydrogen plasma treatment or a rare gas element plasma treatment, 
or by injecting ions thereto in accordance with the production 
method of the present invention, it was found to provide a catalyst 
exhibiting activity under the irradiation of UVa or a visible 
radiation . 

As a result of surface analysis using ESCA, a zirconium 



oxide subjected to a hydrogen plasma treatment or a treatment 
using a rare gas element plasma, or such injected with ions was 
observed to generate a trace quantity of zirconium carbide and 
oxygen defects. A rutile type titanium dioxide functions as 
aphotocatalyst under the irradiation of an ultraviolet radiation, 
however, it was not practically used as a photocatalys t because 
it is inferior in activity as compared with an anatase type 
counterpart. However, it has been found that the rutile type 
titanium dioxide can be used as a catalyst having activity under 
the irradiation of a visible light by treating it with hydrogen 
plasma or plasma of a rare gas element, or by treating it by 
ion implantation in accordance with the production methods of 
the present invention. Conventionally, no activity had been 
found on hafnium oxide and strontium titanate under the 
irradiation of a visible light; however, activity under the 
irradiation of a visible light was confirmed in the case of the 
catalyst having stable oxygen defects according to the present 
invention . 

The present invention furthermore relates to the catalyst 
according to the present invention as described above, or to 
an article having provided with the catalyst produced by the 
production method according to the present invention on the 
surface of a base material . As the base material, for instance, 
there can be used an exterior wall of a building, an exterior 
plane of a roof or a ceiling, an outer plane or an inner plane 



of a window glass , an interior wall of a room, a floor or a ceiling, 
a blind, a curtain, a protective wall of highway roads, an inner 
wall inside a tunnel, an outer plane or a reflective plane of 
an illuminating light, an interior surface of a vehicle, a plane 
of a mirror, etc. 

The catalyst can be provided to the base material by, for 
instance, coating or spraying the catalyst according to the 
present invention or a paint containing the particles of the 
catalyst produced by the production method according to the 
present invention. Furthermore, a base material having a layer 
of an oxide semiconductor such as titanium dioxide may be 
subjected to a hydrogen plasma treatment in accordance with the 
production method according to the present invention to provide 
the surface of the oxide semiconductor layer as the catalyst 
according to the present invention to thereby obtain the article 
according to the present invention. 

Further, the method for photo decomposing a substance 
according to the present invention comprises bringing a medium 
containing the object to be decomposed into contact with the 
catalyst according to the present invention, a catalyst produced 
by the production method according to the present invention, 
or an article according to the present invention under the 
irradiation of a light containing a visible light, so that the 
desired object to be decomposed may thereby decomposed. 



The object to be decomposed may be at least one type of 



18 






substance selected from the group consisting of inorganic 
compounds, organic compounds, microorganisms, and tumor cells. 
The medium may be , for instance, water or air. More specifically 
mentioned as such a medium is air having bad odor or a harmful 
substance (e.g., nitrogen oxides, formalin, etc.), organic 
matters (e.g., waste water containing crude oil or petroleum 
products, marine water, etc.). The light containing visible 
light may be a solar radiation or an artificial light. An 
artificial light source relates to any type of a light source 
capable of supplying a light containing visible light, such as 
the rays irradiated from a fluorescent lamp, an incandescent 
lamp, a halogen lamp, etc. 

Further, the photodecomposi tion device according to the 
present invention comprises a photocatalys t unit having the 
catalyst according to the present invention or the catalyst 
produced by the production method according to the present 
invention provided on the surface of a base material , and a light 
source for irradiating a light containing a light containing 
a visible light to the aforementioned photocatalys t . The 
photocatalys t unit can be , forinstance, a filter of an air cleaner . 
As the light source for irradiating a visible light, there can 
be mentioned, for instance, a fluorescent lamp, an incandescent 
lamp, a halogen lamp, etc. 

In case an air contains a substance that is the source 
of bad odor, by using the method or the device according to the 
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present invention and by bringing an air containing the object 
to be decomposed into contact with the photocatalys t or the 
photocatalyst unit (article) under the irradiation of a light 
containing at least a visible radiation, the source substance 
of the bad odor contained in the air can be decomposed by bringing 
it into contact with the catalyst to thereby reduce or remove 
the bad odor. In case the air contains bacteria, at least a 
part of the bacteria contained in air can be destroyed by bringing 
the air into contact with the catalyst. If the air contains 
both bad odor and bacteria, it can be readily understood that 
the aforementioned reactions occur in parallel with each other. 

By using the method or the device according to the present 
invention and by bringing water containing the object to be 
decomposed into contact with the photocatalyst or the unit 
(article) using the photocatalyst according to the present 
invention under the irradiation of a light at least containing 
a visible radiation, and in case the water contains an organic 
matter, the organic matter contained in the water can be 
decomposed by its contact with the catalyst. If the water 
contains bacteria, the bacteria present in the water can be 
destroyed by bringing the water into contact with the catalyst. 
If the water contains both organic matters and bacteria, it can 
be readily understood that the aforementioned reactions occur 
in parallel with each other. 



Furthermore, the electrode for solar cells and the 
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electrode for photodecomposi tion of water according to the 
present invention comprise a material based on an oxide 
semiconductor, such as an anatase type titanium dioxide, 
containing stable oxygen defects, and the details of the 
materials and the production methods are as described above. 
Further, the electrode for solar cells and the electrode for 
photodecomposi tion of water according to the present invention 
comprise a catalyst made of an oxide semiconductor subjected 
to a treatment according to the production method of the present 
invention. In case of applying the present invention to a solar 
cell electrode, a solar cell can be assembled by using a known 
system while taking the characteristics of the present electrode 
into consideration. In case of applying the present invention 
to an electrode for photo - decomposing water, the 
photodecomposi tion of water can be performed by using a known 
method and device. 
EXAMPLES 

The present invention is described in further detail by 
making reference to the non- limiting examples as follows. 

EXAMPLE 1 

A 10 -g portion of a powder (60 mesh or less in granularity) 
of an anatase type titanium dioxide was placed inside a 200-ml 
volume quartz reaction tube. The quartz reaction tube was 
connected to a plasma generating apparatus, and after evacuating 
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the inside of the system by using a vacuum pump, a 400 -W power 
electromagnetic wave (at a frequency of 2.45 GHz) was irradiated 
to the powder of anatase type titanium dioxide placed inside 
the reaction tube to thereby generate a plasma by using a Tesla 
coil. Then, gaseous H 2 was introduced inside the system at a 
flow rate of 30 ml/min to set the pressure inside the system 
to about 1 Torr . The treatment was continued for 30 minutes while 
stirring the anatase type titanium dioxide powder placed inside 
the reaction tube. 

Time duration of 40 minutes was necessary to increase the 



w 

tU vacuum degree inside the plasma treatment system for 1 Torr 



without introducing a gas and while cutting off the pump 
W evacuation. 

The anatase type titanium dioxide powder thus obtained 
was subjected to X-ray photoelectron spectroscopy (XPS) , and 
the area of the peaks assigned to the 2p- electron of titanium 
(458.8 eV (Ti2p 3/2 ) and 464.6 eV (Ti2p 1/2 ) ) as well as that of 
the peak assigned to the Is -electron of the oxygen bonded to 
titanium (531.7 eV (Ols) ) was obtained. The area ratio 
(01s/Ti2p) was found to be 1.91. The area ratio (01s/Ti2p) of 
an anatase type titanium dioxide powder not subjected to plasma 
treatment was 2.00. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
obtain an area ratio (01s/Ti2p) of 1.91. The sample was further 
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left for 1 month, but no change was found on the area ratio 
<01s/Ti2p) . 

The samples before and after the plasma treatment above 
were each subjected to X-ray diffraction analysis, and, as a 
result, no change was observed between the anatase type titanium 
dioxide samples before and after the plasma treatment. 

EXAMPLE 2 

A 10 -g portion of a powder (60 mesh or less in granularity) 
of an anatase type titanium dioxide was placed inside a 200 -ml 
volume quartz reaction tube. The quartz reaction tube was 
connected to a plasma generating apparatus, and after evacuating 
the inside of the system by using a vacuum pump, a 400 -W power 
electromagnetic wave (at a frequency of 2 . 45 GHz ) was irradiated 
to the powder of anatase type titanium dioxide placed inside 
the reaction tube to thereby generate a plasma by using a Tesla 
coil. Then, gaseous argon was introduced inside the system at 
a flow rate of 10 ml/min to set the pressure inside the system 
to about 1 Torr. The treatment was continued for 120 minutes 
while stirring the anatase type titanium dioxide powder placed 
inside the reaction tube. 

Time duration of 40 minutes was necessary to increase the 
vacuum degree inside the plasma treatment system for 1 Torr 
without introducing a gas and while cutting off the pump 
evacuation . 
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The anatase type titanium dioxide powder thus obtained 
was subjected to X-ray photoelec tron spectroscopy (XPS) , and 
the area of the peaks assigned to the 2p-electron of titanium 
(459.5 eV (Ti2p 3 / 2 ) and 465.4 eV (Ti2p 1/2 ) ) as well as that of 
the peak assigned to the Is -electron of the oxygen bonded to 
titanium (530.0 eV (Ols) ) was obtained. The area ratio 
(01s/Ti2p) was found to be 1.89. The area ratio (01s/Ti2p) of 
an anatase type titanium dioxide powder not subjected to plasma 
treatment was 2.00. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
obtain an area ratio (01s/Ti2p) of 1.89. The sample was further 
left for 1 month, but no change was found on the area ratio 
(01s/Ti2p) . 

The samples before and after the plasma treatment above 
were each subjected to X-ray diffraction analysis, and, as a 
result, no change was observed between the anatase type titanium 
dioxide samples obtained before and after the plasma treatment. 

EXAMPLE 3 

A production method of a catalyst according to the present 
invention comprising injecting ions of rare gas elements to the 
surface of an oxide semiconductor, an anatase type titanium 
dioxide, is described below. 

As the equipment was used a medium current ion implantation 
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apparatus, ULVAC IKX-7000 manufactured by ULVAC Co., Ltd. 

The method comprises, after introducing gaseous argon, 
irradiating electron beam to the sample for ionization, 
subjecting the ionized species to mass spectroscopy to separate 
and take out argon ions, and the argon ions were accelerated 
in an accelerator (at a direct current voltage of 100 kV) to 
inject argon ions to the target. 

As the target, a glass plate 6 cm in diameter (which is 
P about 0.2 mm in thickness and which is coated with a carbon film 

^ at a thickness of less than 1 um in order to ensure conductivity 

en 

^ necessary for an ion implantation method) coated with 0 . 2 g of 

IU 

~~ ST-01 was used. 



. 3E - Argon ions were injected at a density of 5 x 10 ions/cm . 

%j 

azl The thus obtained anatase type titanium dioxide sample was 

iJ 

ru 

^ subjected to X-ray photoelec tron spectroscopy (XPS) , and the 

M 

area of the peaks assigned to the 2p-electron of titanium (458 . 6 
eV (Ti2p 3 / 2 ) and 464.3 eV (Ti2pi /2 ) ) as well as that of the peak 
assigned to the ls-electron of the oxygen bonded to titanium 
(529.7 eV (Ols) ) was obtained. The area ratio (01s/Ti2p) was 
found to be 1.76. The area ratio (01s/Ti2p) of an anatase type 
titanium dioxide powder not subjected to plasma treatment was 
2.00. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
obtain an area ratio (01s/Ti2p) of 1.76. The sample was further 



25 



left for 1 month, but no change was found on the area ratio 
(01s/Ti2p) . 



TEST EXAMPLE 1 (Decomposition of acetaldehyde using visible 
light) 

A 0 . 2 - g portion of each of the samples prepared in Examples 
1 and 2 above was applied to a glass plate (6 x 6 cm) , and the 
samples (plate) prepared in Example 3 were each placed inside 
a glass bell jar- type reaction apparatus (1.9 liter in volume) . 
As the light source, a halogen lamp (JDR110V 75WN/S-EK 
manufactured by Toshiba Lightech Co., Ltd.) was used together 
with a glass filter to cut off ultraviolet radiations 420 nm 
or shorter in wavelength. The center luminance of the light 
source was 100,000 Lx . 

After sufficiently evacuating the inside of the system, 
acetaldehyde was injected into the reaction vessel to prepare 
a reaction gas having the predetermined concentration (1,000 
ppm) . After the adsorption equilibrium of acetaldehyde was 
achieved, light irradiation was performed for a predetermined 
duration of time. The reaction gas was analyzed by using gas 
chromatography (FID) . 

The decrease in the concentration of acetaldehyde after 
the light irradiation is shown in the Table below. For comparison, 
a similar test was performed on a sample not subjected to the 
plasma treatment , and the result is given in Table las Comparative 




Example 1. 

Table 1 





Halogen Lamp 
(with radiations 420 nm or 
shorter in wavelength cut off) 


Time duration of light 
irradiation (minutes) 


Example 1 


400 ppm 


120 


Example 2 


330 ppm 


90 


Example 3 


520 ppm 


60 


Comparative Example 1 


0 ppm 


120 



From the results shown in Table 1, it can be understood 
that thephotocatalys ts according to the present invention, which 
are each anatase type titanium dioxide and which contain stable 
oxygen defects, exhibit high ability in the photodecomposi tion 
of acetaldehyde under irradiation of a visible light. 
Furthermore, the material used in Comparative Example 1 shows 
high adsorption to acetaldehyde, but had no photodecomposi tion 
effect under the irradiation of a visible light. 

EXAMPLE 4 

A 5-g portion of a powder of an anatase type titanium dioxide 
(ST-01, manuf acturedby Ishihara Sangyo Kaisha) was placed inside 
a quartz reaction tube 5 cm in inner diameter and 100 cm in length. 
A RF plasma generating apparatus was attached to the quartz 
reaction tube, and after evacuating the inside of the reaction 
tube system to 0 . 1 Torr by using a vacuum pump, a 500 -W power 
electromagnetic wave (at a frequency of 13 . 5 6 GHz ) was irradiated 
to the powder of anatase type titanium dioxide placed inside 




the reaction tube to thereby generate a plasma. Then, gaseous 
H 2 was introduced inside the system at a flow rate of 500 ml/min 
to set the pressure inside the sys tem to about 1 Torr . The treatment 
was continued for 30 minutes while stirring the anatase type 
titanium dioxide powder placed inside the reaction tube. 
Further, the wall of the quartz tube was heated to 400 °C by 
resistance heating using a nichrome wire, and was maintained 
at the same temperature throughout the reaction. 

The anatase type titanium dioxide powder thus obtained 
was subjected to X-ray photoelectron spectroscopy (XPS) , and 
the area of the peaks assigned to the 2p-electron of titanium 
(458.8 eV (Ti2p 3 /2) and 464.6 eV (Ti2pi /2 ) ) as well as that of 
the peak assigned to the Is -electron of the oxygen bonded to 
titanium (531.7 eV (Ols)) was obtained. The area ratio 
(01s/Ti2p) was found to be 1.94. The area ratio (01s/Ti2p) of 
an anatase type titanium dioxide powder not subjected to plasma 
treatment was 2.00. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
obtain an area ratio (01s/Ti2p) of 1.94. The sample was further 
left for 1 month, but no change was found on the area ratio 
(01s/Ti2p) . 

The samples before and after the plasma treatment above 
were each subjected to X-ray diffraction analysis, and, as a 
result, no change was observed between the anatase type titanium 
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dioxide samples obtained before and after the plasma treatment . 
In Fig. 1 are shown the X-ray diffraction patterns for the sample 
before plasma treatment (a) and the sample after plasma treatment 
(b) . 

Furthermore, the ESR spectra of the samples before and 
after the treatment were obtained. The measurements were 
performed in vacuum (0.1 Torr) and at a temperature of 77 K. 
The measurements were performed under conditions as follows. 
U [Basic parameters] 

Temperature at measurement: 77K 

cn 

^ Irradiation frequency: 9.2 to 9.4 MHz 

% Field: 330 mT ± 25 mT 

Scanning time: 4 minutes 

O 

r ~ Mod . : 0.1 mT 

is: c 

Gain: 5 * 10 
* Power : 0.1 mW 

Time constant: 0.03 seconds 

Light source: High pressure mercury lamp 500 W 
Filter: L-42 
[Sample Preparation] 

Vacuum evacuation for 1 hour or longer 
[Calculation of g-value] 

Mn 2+ marker (g mn = 1.981) was taken as the standard, and 
calculations were made in accordance with the following equation : 
g = g m n x H mn / (H mn + AH) 




^0 



a 



where, H mn represents the magnetic field of Mn 2+ marker, and 
AH represents the change in magnetic field from H mn - 

The ESR spectra of the sample before sub j ec ting it to plasma 
treatment are shown in Fig. 2. Referring to the figure, (a) 
shows the ESR spectrum in darkness , and (b) shows the ESR spectrum 
obtained in a state in which light was irradiated through a filter 
(L-42) cutting off the light 420 nm or shorter in wavelength 
from the light emitted from a 500 -W high pressure mercury lamp. 

In Fig. 3 are shown the ESR spectra of the sample after 



Cn it was subjected to plasma treatment. Referring to the figure, 

W 

(a) shows the ESR spec trum in darkness , (b) shows the ESR spec trum 
^ obtained in a state in which light was irradiated through a filter 

(L-42) cutting off the light 420 nm or shorter in wavelength 
from the light emitted from a 500 -W high pressure mercury lamp, 
and (c) shows the ESR spectrum obtained in a state in which light 
was irradiated without using the filter (L-42) . 

The ESR spectra in Fig. 2 and Fig. 3 were obtained under 
the same conditions. On comparing the results shown in the 
figures, the catalyst according to the present invention yields 
a characteristic signal at a g value of 2.003 to 2.004, which 
was not observed for the starting material. Furthermore, this 
signal was found to be amplified under the irradiation of light 
in which the radiations 420 nm or shorter in wavelength are cut 
off. The catalyst according to the present invention yielded 
a signal which increases its intensity under the irradiation 



of a visible light 420 nm or longer in wavelength at a g value 
of from 2.003 to 2.004. Moreover, this peak was found to be 
maintained on re-measuring the sample after allowing it to stand 
in air for 1 week. Further, no signal assigned to Ti 3+ , which 
should appear at a g value of 1.96, was found for the catalyst 
obtained in Example 4 . 



TEST EXAMPLE 2 (Measurement of NOx oxidation activity) 
O A 0.2-g portion of the sample prepared in Example 4 was 

applied to a glass plate (6 * 6 cm) , and the sample (plate) was 

cn 

W placed inside a Pyrex glass reaction vessel (160 mm in inner 

iu 

~J diameter and 25 mm in thickness) . A 300 -W xenon lamp was used 

Sips 

!„ as the light source, and light was irradiated as a monochromatic 

?— * 

\ S 

^ light having a half width value of 20 nm by using a JASCO 

Q 

f J : 

lz irradiating apparatus. 

- Then, a mock contaminated air (containing 1.0 ppm of NO) 

having a humidity of 0 % RH was continuously supplied to the 
reaction vessel above at a flow rate of 1.5 liter/minute, and 
the change in concentration of NO was monitored at the reaction 
exit . The concentration of NO was measured by means of chemical 
emission method using ozone. The removal ratio for NOx was 
obtained from the cumulative monitored value for 24 hours. The 
results are shown in Table 2. In Table 2, the results obtained 
on the sample (ST-01) used for the starting material are also 
shown for comparison. 





Table 2 



Wavelength (nm) 


360 




460 


560 




NO removal ratio (%) 


Example 4 


28.7 


17.1 


4.7 


Starting material (ST-01) 


28.1 


0.2 


0 



From the results shown in Table 2, it can be understood 
that the photocatalys t according to the present invention (the 
sample obtained in Example 4) , which is an anatase type titanium 
dioxide and which contains stable oxygen defects, exhibits that 
;£ it effectively removes nitrogen oxides by oxidation under the 

gfSj irradiation of a visible light of at least 560 nm or shorter 

in wavelength . Although not shown in Table 2 , the photocatalys t 

IKS. 

g according to the present invention (the sample obtained in 

a 

p Example 4) , which is an anatase type titanium dioxide and which 

p contains stable oxygen defects, possessed an effect of 

ru 

jp effectively removing nitrogen oxides by oxidation under the 

irradiation of a visible light of at least 600 nm or shorter 
in wavelength. 



TEST EXAMPLE 3 (Test on the reduction of benzoic acid) 

A 0.02-g portion of the sample prepared in Example 4 was 
placed inside a Pyrex glass reaction vessel (40 ml in volume) 
together with 25 ml of benzoic acid 0 . 01 mol/1 in concentration, 
and was stirred with a magnetic stirrer. A halogen lamp 
controlled with a voltage regulator as to yield a power of 70 
mW at a wavelength of 500 nm was used as the light source. The 
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distance between the halogen lamp and the reaction cell was set 
at 10 cm. A sharp cut filter was placed between the halogen 
lamp and the reaction cell to cut off ultraviolet radiations. 
For the reaction, the system was left for 24 hours to establish 
adsorption equilibrium, and light was irradiated thereto for 
48 hours to initiate the reaction. 

The state before the reaction was compared with that after 
the reaction by measuring the concentration of benzoic acid; 
i.e., the absorbance at a wavelength of 228 nm in visible to 
ultraviolet light absorption spectrum was measured. No light 
was allowed during the reaction and the measurement. 

As a result, the decomposition ratio of benzoic acid after 
48 hours was found to be 20.46 %. However, no decomposition 
of benzoic acid was found in case of using titanium oxide employed 
for the starting material under the conditions above. 

EXAMPLE 5 

A 10 -g portion of a powder of an anatase type titanium 
dioxide (ST- 01, manufactured by Ishihara Sangyo Kaisha) was 
placed inside a quartz reaction tube 400 ml in volume. The quartz 
reaction tube was connected to a plasma generating apparatus, 
and after evacuating the inside of the system by using a vacuum 
pump , a 200-W power electromagnetic wave (at a frequency of 2.45 
GHz) was irradiated to the powder of anatase type titanium dioxide 
placed inside the reaction tube to thereby generate a plasma 
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by using a Tesla coil. Then, gaseous H 2 was introduced inside 
the system at a flow rate of 30 ml/min to set the pressure inside 
the system to about 1 Torr. The treatment was continued for 10 
minutes while stirring the anatase type titanium dioxide powder 
placed inside the reaction tube. 

Time duration of 40 minutes was necessary to increase the 
vacuum degree inside the plasma treatment system for 1 Torr 
without introducing a gas and while cutting off the pump 

Q evacuation. 

%Q 

%J The anatase type titanium dioxide powder thus obtained 

Efl 

U was subjected to X-ray photoelec tron spectroscopy (XPS), and 

ly 

%3 the area of the peaks assigned to the 2p-electron of titanium 

* (458.8 eV (Ti2p 3/2 ) and 464.6 eV (Ti2p 1/2 ) ) as well as that of 

O 

*"4 the peak assigned to the Is -electron of the oxygen bonded to 

Q 

[y titanium (531.7 eV (Ols) ) was obtained. The area ratio 

^ (01s/Ti2p) was found to be 1.92. The area ratio (01s/Ti2p) of 

an anatase type titanium dioxide powder not subjected to plasma 
treatment was 2.00. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
obtain an area ratio (01s/Ti2p) of 1.92. The sample was further 
left for 1 month, but no change was found on the area ratio 
(01s/Ti2p) . 

The samples before and after the plasma treatment above 
were each subjected to X-ray diffraction analysis, and, as a 
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result, no change was observed between the anatase type titanium 
dioxide samples obtained before and after the plasma treatment . 

Furthermore, the ESR spectra of the samples before and 
after the treatment were obtained. The measurements were 
performed in the same manner as in Example 4 . As a result, similar 
to the case in Example 4, a signal was observed at a g value 
of 2.003 to 2.004 for the catalyst (an anatase type titanium 
dioxide subjected to plasma treatment) obtained in Example 5. 
Moreover, this peak was found to be maintained on re-measuring 
the sample after allowing it to stand in air for 1 week. Further, 
no signal assigned to Ti 3 + , which should appear at a g value 
of 1.96, was found for the catalyst obtained in Example 5. 

EXAMPLE 6 

A 4 - g portion of a powder of an anatase type titanium dioxide 
(ST- 01, manuf acturedby Ishihara Sangyo Kaisha) was placed inside 
a quartz reaction tube 200 ml in volume. An electric heating 
wire heater was attached to the quartz reaction tube, and after 
evacuating the inside of the system to a vacuum degree of 0.1 
Torr or lower by using a vacuum pump, the entire reaction tube 
was heated to a temperature of 400 °C by the heater. Heating 
was continued to maintain the temperature to 400 °C for an hour. 

During the treatment, the evacuation was continued by using 
a vacuum pump to maintain the vacuum degree to 0 . 1 Torr or lower . 
Thus, a dark brown colored powder was obtained after 1 hour. 



The anatase type titanium dioxide powder thus obtained 
was subjected to X-ray photoelec tron spectroscopy, and the area 
of the peaks assigned to the 2p-electron of titanium (459.5 eV 
(Ti2p 3 / 2 ) and 465 . 4 eV (Ti2p 1 / 2 ) ) as well as that of the peak assigned 
to the ls-electron of the oxygen bonded to titanium (530.0 eV 
(Ols) ) was obtained. The area ratio (01s/Ti2p) was found to 
be 1.92. The area ratio (01s/Ti2p) of an anatase type titanium 
dioxide powder not subjected to plasma treatment was 2.00. 
CD The sample was left to stand in air for 1 week, and the 

Ni area ratio was obtained by performing the same measurement to 

Cm 

hi obtain an area ratio (01s/Ti2p) of 1.92. The sample was further 

W 

^ left for 1 month, but no change was found on the area ratio 

* (01s/Ti2p) . 

m 

The samples before and after the plasma treatment above 

£□ 

BS I 

%z were each subjected to X-ray diffraction analysis, and, as a 

O 

^ result, no change was observed between the anatase type titanium 

dioxide samples obtained before and after the plasma treatment. 

TEST EXAMPLE 4 (Measurement of NOx oxidation activity) 

The NOx oxidation activity of the samples prepared in 
Example 6 was measured under the same conditions as those used 
in Test Example 2. The results are given in Table 3. It can 
be understood that the sample obtained in Example 6 yields an 
activity slightly lower (particularly in the short wavelength 
regions) than that of the sample obtained in Example 4, however, 
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the activity was observed to a wavelength in the vicinity of 
6 0 0 nm . 

Table 3 



Wavelength (nm) 


360 460 


560 




NO removal ratio (%) 


Example 6 


18.3 


16.2 


4.7 


Starting material (ST-01 ) 


28.1 


0.2 


0 
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TEST EXAMPLE 5 (Test on the reduction of benzoic acid) 

A photodecomposi tion test of benzoic acid was performed 
by using the sample prepared in Example 6 under the same conditions 
as those used in Test Example 3 . 

As a result, the decomposition ratio of benzoic acid after 
48 hours was found to be 15.42 %. However, no decomposition 
of benzoic acid was found in case of using titanium oxide employed 
for the starting material under the conditions above. 

EXAMPLE 7 

A 5 - g portion of a powder of an anatase type titanium dioxide 
(ST-01, manuf acturedby Ishihara Sangyo Kaisha) was placed inside 
a quartz reaction tube 5 cm in inner diameter and 10 0 cm in length . 
A RF plasma generating apparatus was attached to the quartz 
reaction tube, and after evacuating the inside of the reaction 
tube system to 0.05 Torr by using a vacuum pump, a 500 -W power 
electromagnetic wave (at a frequency of 13 . 56 GHz) was irradiated 
to the powder of anatase type titanium dioxide placed inside 
the reaction tube to thereby generate a plasma. Then, gaseous 
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H 2 was introduced inside the system at a flow rate of 500 ml/min 
to set the pressure inside the system to about 1 Torr . The treatment 
was continued for 30 minutes while stirring the anatase type 
titanium dioxide powder placed inside the reaction tube. 
Further, the wall of the quartz tube was heated to 400 °C by 
resistance heating using a nichrome wire, and was maintained 
at the same temperature throughout the reaction. 

The anatase type titanium dioxide powder thus obtained 
was subjected to X-ray photoelec tron spectroscopy (XPS) , and 
the area of the peaks assigned to the 2p-electron of titanium 
(458.8 eV (Ti2p 3/2 ) and 464.6 eV (Ti2p 1/2 ) ) as well as that of 
the peak assigned to the Is -electron of the oxygen bonded to 
titanium (531.7 eV (Ols) ) was obtained. The area ratio 
(01s/Ti2p) was found to be 1.51. The area ratio (01s/Ti2p) of 
an anatase type titanium dioxide powder not subjected to plasma 
treatment was 2.00. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
obtain an area ratio (01s/Ti2p) of 1.51. The sample was further 
left for 1 month, but no change was found on the area ratio 
(01s/Ti2p) . 

EXAMPLE 8 

Plasma Treatment of Zirconia 

A 2 - g portion of Zr0 2 manufactured by Kishida Kagaku K.K. 
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was placed inside a 280 -ml volume quartz reaction tube. The 
quartz reaction tube was connected to a plasma generating 
apparatus , and after evacuating the inside of the system by using 
a vacuum pump, a 400 -W power electromagnetic wave (at a frequency 
of 2.45 GHz) was irradiated to the zirconia powder placed inside 
the reaction tube to thereby generate a plasma by using a Tesla 
coil. Then, gaseous H 2 was introduced inside the system at a 
flow rate of 30 ml/min to set the pressure inside the system 
to about 1 Torr. The treatment was continued for 30 minutes while 
stirring the zirconia powder placed inside the reaction tube. 

The thus obtained zirconium oxide powder was subjected 
to X-ray photoelec tron spectroscopy, and the area of the peaks 
assigned to the 3d-electron of zirconium (182 to 183 eV (Zr3d 5 / 2 ) 
and 184 to 185 eV (Zr3d 3 / 2 ) ) as well as that of the peak assigned 
to the Is -electron of the oxygen bonded to zirconium (530 eV 
(Ols) ) was obtained. The area ratio (01s/Zr3d) was found to 
be 1.98. The area ratio (01s/Zr3d) of zirconium oxide powder 
not subjected to plasma treatment was 2.01. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
obtain an area ratio (01s/Zr3d) of 1.98. The sample was further 
left for 1 month, but no change was found on the area ratio 
(01s/Zr3d) . 



TEST EXAMPLE 6 



A 0.2-g portion of the samples prepared in Example 8 was 
placed inside a glass bell jar - type reaction apparatus ( 1 . 9 liter 
in volume) . As the light source, a halogen lamp (JDR100V 
75WN/S-EK manufactured by Toshiba Lightech Co . , Ltd. ) was used 
together with a glass filter to cut off ultraviolet radiations 
390 nm or shorter in wavelength. The center luminance of the 
light source was 100,000 Lx. 

After sufficiently evacuating the inside of the system, 
acetaldehyde was injected into the reaction vessel to prepare 
a reaction gas having the predetermined concentration (500 ppm) . 
After the adsorption equilibrium of acetaldehyde was achieved, 
light irradiation was performed for a predetermined duration 
of time. The reaction gas was analyzed by using gas 
chromatography (FID) . The concentration of acetaldehyde 120 
minutes after initiating the light irradiation is shown in the 
Table 4 below. For comparison, the acetaldehyde was measured 
120 minutes after the initiation of the light irradiation for 
a zirconia starting material not subjected to plasma treatment, 
and the results are shown in Table 4. 

TEST EXAMPLE 7 

A 0.2-g portion of the sample prepared in Example 8 was 
placed inside a glass bell jar - type reaction apparatus (1 . 9 liter 
in volume) . As the light source, a black lamp (H110BL, 
manufactured by Iwasaki Denki Co., Ltd.) having a UV intensity 
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of 1 . 8 mW/cm 2 was used to irradiate ultraviolet radiations in 
the UVa region. 

After sufficiently evacuating the inside of the system, 
acetaldehyde was injected into the reaction vessel to prepare 
a reaction gas having the predetermined concentration (500 ppm) . 
After the adsorption equilibrium of acetaldehyde was achieved, 
light irradiation was performed for a predetermined duration 
of time. The reaction gas was analyzed by using gas 
chromatography (FID) . The concentration of acetaldehyde 12 0 
minutes after initiating the light irradiation is shown in the 
Table 4 below. For comparison, the acetaldehyde was measured 
120 minutes after the initiation of the light irradiation for 
a zirconia starting material not subjected to plasma treatment, 
and the results are shown in Table 4. 
Table 4 



A3 





Halogen lamp 

(radiations 390 nm or shorter in 
wavelength cut off) 


Black light 


Example 8 


268 ppm 


250 ppm 


Comparative Example 2 
(zirconia starting material) 


499 ppm 


489 ppm 



From the results shown in Table 4, it can be understood 
that the hydrogen -plasma treated z irconi a prepared in accordance 
with the production method of the present invention exhibits 
high ability in the photodecomposi tion of acetaldehyde under 
irradiation of UVa and visible light; thus, it functions as a 
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photocatalyst under the irradiation of a visible light. 
Furthermore, zirconia used as the starting material in 
Comparative Example 2 had no photodecomposi tion effect on 
acetaldehyde under the irradiation of a visible light or an 
ultraviolet radiation . 

EXAMPLE 9 

Plasma Treatment of Rutile type TiQ 2 
p A 2 - g portion of a rutile type Ti0 2 (MT-500B) manufactured 

*J by Teika Inc. was placed inside a 280 -ml volume quartz reaction 

Cm 

fjj tube. The quartz reaction tube was connected to a plasma 

iu 

generating apparatus, and after evacuating the inside of the 

ess 

£ system by using a vacuum pump, a 400 -W power electromagnetic 

o 

N! wave (at a frequency of 2.45 GHz) was irradiated to the rutile 

a 

fU type titanium oxide powder placed inside the reaction tube to 

o 

H thereby generate a plasma by using a Tesla coil. Then, gaseous 

H 2 was introduced inside the system at a flow rate of 30 ml/min 
to set the pressure inside the system to about 1 Torr . The treatment 
was continued for 30 minutes while stirring the rutile type 
titanium oxide powder placed inside the reaction tube . As a result, 
a bluish pale gray powder was obtained. The samples before and 
after the plasma treatment above were each subjected to X-ray 
diffraction analysis, and, as a result, no change was observed 
on the rutile type titanium dioxide obtained before and after 
the plasma treatment. 




The thus obtained rutile type titanium dioxide powder was 
subjected to X-ray photoelec tron spectroscopy, and the area of 
the peaks assigned to the 2p-electron of titanium (458.6 eV 
(Ti2p 3 / 2 ) and 4 64 . 2 eV (Ti2pi/ 2 ) ) as well as that of the peak assigned 
to the ls-electron of the oxygen bonded to titanium (529.8 eV 
(Ols) ) was obtained. The area ratio (01s/Ti2p) was found to 
be 1.74. The area ratio (01s/Ti2p) of rutile type titanium 
dioxide powder not subjected to plasma treatment was 2.01. 
p Further, the sample was left to stand in air for 1 week, and 

% 4 the area ratio was obtained by performing the same measurement 

En 

tU to obtain an area ratio (01s/Ti2p) of 1.74. The sample was 
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further left for 1 month, but no change was found on the area 

* ratio (01s/Ti2p) . 
O 

N A 0.2-g portion of the sample prepared above was placed 

W inside a glass bell jar- type reaction apparatus (1.9 liter in 



volume). As the light source, a halogen lamp ( JDR110V 75WN/S - EK 
manufactured by Toshiba Lightech Co., Ltd.) was used together 
with a glass filter to cut off ultraviolet radiations 390 nm 
or shorter in wavelength. The center luminance of the light 
source was 100,000 Lx. 

After sufficiently evacuating the inside of the system, 
acetaldehyde was injected into the reaction vessel to prepare 
a reaction gas having the predetermined concentration (500 ppm) . 
After the adsorption equilibrium of acetaldehyde was achieved, 
light irradiation was performed for a predetermined duration 
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of time. The reaction gas was analyzed by using gas 
chromatography (FID) . The concentration of acetaldehyde 120 
minutes after initiating the light irradiation is shown in the 
Table 5. For comparison, the acetaldehyde was measured 50 
minutes after the initiation of the light irradiation f or a rutile 
type Ti0 2 not subjected to plasma treatment, and the results 
are shown in Table 5. 
Table 5 



J? 





Halogen lamp 

(radiations 390 nm or shorter in 
wavelength cut off) 


Example 9 


264 ppm 


Comparative Example 3 

(rutile type titanium oxide starting material) 


302 ppm 



From the results shown in Table 5, it can be understood 
that the hydrogen -plasma treated rutile type titanium oxide 
prepared in accordance with the production method of the present 
invention exhibits high ability in the photodecomposi tion of 
acetaldehyde under irradiation of visible light; thus, it 
functions as a photocatalys t under the irradiation of a visible 
light. On the other hand, the rutile type titanium oxide used 
as the starting material in Comparative Example 3 showed 
photodecomposi tion properties on acetaldehyde under the 
irradiation of a visible light, but the effect was weaker as 
compared with the sample obtained in Example 3 . 
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EXAMPLE 10 

Plasma Treatment of Hafnium Oxide 

A 2-g portion of hafnium oxide (Hf0 2 of 99.8 % purity, 
manufactured by Fluka Inc.) was placed inside a 200-ml volume 
quartz reaction tube. The quartz reaction tube was connected 
to a plasma generating apparatus , and after evacuating the inside 
of the system by using a vacuum pump , a 4 0 0 - W power electromagnetic 
wave (at a frequency of 2.45 GHz) was irradiated to the hafnium 
oxide powder placed inside the reaction tube to thereby generate 
a plasma by using a Tesla coil . Then, gaseous H 2 was introduced 
inside the system while controlling the flow rate to 30 ml/min 
by using a mass flow meter, such that the pressure inside the 
system was set to about 1 Torr. The treatment was continued for 
1 hour while rotating the quartz reaction tube and stirring the 
hafnium oxide powder placed inside the reaction tube . As a result , 
a powder having a gray surface was obtained. 

The thus obtained hafnium oxide powder was subjected to 
X-ray photoelectron spectroscopy, and the area of the peaks 
assigned to the 4f - electron of hafnium (16 to 17 eV (Hf4f ) ) as 
well as that of the peak assigned to the Is - electron of the oxygen 
bonded to hafnium (530 eV (Ols)) was measured. The area ratio 
(01s/Hf4f) was found to be 2.15. The area ratio (01s/Hf4f) of 
hafnium oxide powder not sub j ected to plasma treatment was 2.20. 

The sample was left to stand in air for 1 week, and the 
area ratio was obtained by performing the same measurement to 
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obtain an area ratio (Ols/Hf 4f ) of 2.15. The sample was further 
left for 1 month, but no change was found on the area ratio 
(01s/Hf4f ) . 

A 0 . 4 - g portion of the sample prepared above was dispersed 
in methanol, and was applied to a glass plate (6 x 6 cm) . The 
glass plate was then set inside a glass bell jar-type reaction 
apparatus (1 . 9 liter in volume) . As the light source, a halogen 
lamp (JDR110V 75WN/S-EK manufactured by Toshiba Lightech Co. , 

p Ltd. ) was used together with a glass filter to cut off ultraviolet 

%J radiations 420 nm or shorter in wavelength. 

cn 

1U After sufficiently evacuating the inside of the system, 

W 

%\4 acetaldehyde was injected into the reaction vessel to prepare 

* a reaction gas having the predetermined concentration (500 ppm) . 

O 

s ^ After the adsorption equilibrium of acetaldehyde was achieved, 

o 

*y light irradiation was initiated. The reaction gas was analyzed 

C3 

Ljl 

by using gas chromatography (FID) . The concentration of 
acetaldehyde at 90 minutes after the initiation of the 
irradiation was found to be 42 0 ppm . Separately, a 0 . 4 - g portion 
of an untreated hafnium oxide powder was similarly coated to 
obtain a sample, and the sample was subjected to the test. 
However, no change in acetaldehyde concentration was f oundbef ore 
and after the irradiation of light. From the above results, 
it can be understood that the hydrogen plasma treated hafnium 
oxide prepared in accordance with the production method of the 
present invention exhibits pho todecomposi tion properties on 
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acetaldehyde under the irradiation of a visible light, and that 
it functions as a photocatalys t using visible light. 



EXAMPLE 11 

Plasma Treatment of Strontium Titanate 

A 2-g portion of strontium titanate (SrTi0 2 of 99 % purity 
and consisting of particles 5 jam or less in diameter, manufactured 
by Aldrich Chemical Company) was placed inside a 200 -ml volume 
Q quartz reaction tube. The quartz reaction tube was connected 

Nf to a plasma generating apparatus , and after evacuating the inside 
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of the system by using a vacuum pump , a 4 00 - W power electromagnetic 

wave (at a frequency of 2.45 GHz) was irradiated to the strontium 

titanate powder placed inside the reaction tube to thereby 

^ generate a plasma by using a Tesla coil. Then, gaseous H 2 was 

P 

W introduced inside the system while controlling the flow rate 

p 

^ to 30 ml/min by using a mass flow meter, such that the pressure 

inside the system was set to about 1 Torr. The treatment was 
continued for 1 hour while rotating the quartz reaction tube 
and stirring the strontium titanate powder placed inside the 
reaction tube. As a result, a powder having a gray surface was 
obtained . 

A 0 . 2 -g portion of the sample prepared above was dispersed 
in methanol, and was applied to a glass plate ( 6 * 6 cm) . The 
glass plate was then set inside a glass bell jar-type reaction 
apparatus (1 . 9 liter in volume) . As the light source, a halogen 
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lamp (JDR110V 75WN/S-EK manufactured by Toshiba Lightech Co. , 
Ltd. ) was used together with a glass filter to cut of f ultraviolet 
radiations 420 nm or shorter in wavelength. 

After sufficiently evacuating the inside of the system, 
acetaldehyde was injected into the reaction vessel to prepare 
a reaction gas having the predetermined concentration (500 ppm) . 
After the adsorption equilibrium of acetaldehyde was achieved, 
light irradiation was initiated. The reaction gas was analyzed 
by using gas chromatography (FID) . The concentration of 
acetaldehyde at 60 minutes after the initiation of the 
irradiation was found to be 450 ppm. Separately, a 0 . 4 -g portion 
of an untreated strontium titanate powder was similarly coated 
to obtain a sample, and the sample was subjected to the test. 
However, no change in acetaldehyde concentration was found be fore 
and after the irradiation of light. From the above results, 
it can be understood that the hydrogen plasma treated strontium 
titanate prepared in accordance with the production method of 
the present invention exhibits photodecomposi tion properties 
on acetaldehyde under the irradiation of a visible light, and 
that it functions as a photocatalys t using visible light. 

EXAMPLE 12 
Wet Solar Cell 

The catalyst (powder) according to the present invention 
prepared in Example 1 was mixed with polyethylene glycol and 
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acetone, and was applied to a transparent electrode (ITO) . After 
coating, baking treatment was applied thereto at ca. 300 °C for 
time duration of 1 hour. The electrode thus obtained was immersed 
into a methanol solution containing a commercially available 
ruthenium complex (8RuL2 (NCS)2, L 

4 , 4 ' -dicarboxy-2 , 2 ' -bispyridine) . Then, a drop of aqueous 
solution containing 0 . 1 M of potassium iodide was applied to 
the resulting electrode. A transparent electrode (ITO) was 
superposed thereon to provide a counter electrode, and the 
surroundings were fixed with a resin to obtain a wet solar cell . 
A light emitted from a halogen lamp (JDR110V 75WN/S-EK 
manufactured by Toshiba Lightech Co., Ltd.) was irradiated to 
the battery through a glass filter which cuts off ultraviolet 
radiations 420 nm or shorter in wavelength. As a result, the 
generation of a photoelectric current was observed. 

Similarly, a wet solar cell was prepared in the same manner 
as above by using the catalyst (powder) according to the present 
invention prepared in Example 4 . A light emitted from a halogen 
lamp (JDR110V 75WN/S-EK manufactured by Toshiba Lightech Co., 
Ltd. ) was irradiated to the battery through a glass filter which 
cuts off ultraviolet radiations 420 nm or shorter in wavelength. 
As a result, the generation of a photoelectric current was 
similarly observed . 

EXAMPLE 13 
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Wet Solar Cell 

Wet solar cells were each prepared in the same manner as 
in Example 12 by using the samples obtained in Examples 1 and 
4, except for using a polyaniline thin film electrode in the 
place of transparent electrode (ITO) . A light emitted from a 
halogen lamp ( JDR110V 75WN/S - EK manufactured by Toshiba Lightech 
Co., Ltd.) was irradiated to each of the cells through a glass 
filter which cuts off ultraviolet radiations 420 nm or shorter 
in wavelength. As a result, the generation of a photoelectric 
current was similarly observed. 



U3 EXAMPLE 14 

e Test on Water Decomposition using Visible Light 

Q 

%! A 0.3-g portion of the photocatalys t prepared in Example 

□ 

fU 1, water (pH7, 30 ml in volume), and a magnetic stirrer were 

a 

1M set inside a reaction vessel , and the entire system was connected 

to a vacuum evacuation line (500 ml in volume) . A 500 -W xenon 
lamp was used as the light source, and a glass filter to cut 
off ultraviolet radiations 420 nm or shorter in wavelength was 
incorporated . 

After sufficiently evacuating the inside of the system, 
the irradiation of light was initiated. Gaseous hydrogen 
generated in the system was collected every 5 hours, and was 
analyzed by gas chromatography (TCD) . Gaseous hydrogen was 
generated at a rate of 0.02 jjmol/h. 
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EXAMPLE 15 

Test on the Reduction of Carbon Dioxide using Visible Light 
A 0.3-g portion of the photocatalys t prepared in Example 
1 was dispersed in methanol, and after coating the resulting 
dispersion to a glass plate (6 cm * 6 cm) , the sample was heated 
at 300 °C for 1 hour to obtain a sample which is less apt to 
cause powder desorption. After placing the glass plate coated 
p with the photocatalys t inside a 1-liter volume reaction vessel , 

%l the vessel was connected to a vacuum evacuation line (500 ml 

cn 

til in volume) . After evacuating the system, gaseous carbon dioxide 

u 

%Q (500 ppm) passed through a water vapor phase was injected into 

s the reaction vessel. A 500 -W xenon lamp was used as the light 

C3 

%! source, and a glass filter to cut off ultraviolet radiations 

13 

fU 420 nm or shorter in wavelength was incorporated. Gas 

P 

M* chromatography (TCD) was used for the analysis of the gas evolved . 

Visible and infrared radiations were irradiated to the 
reaction vessel, and the mixed gas inside the reaction vessel 
was analyzed every time of irradiation, and was found that 
methanol generated at a rate of 2 jumol/h. 

As described above, the present invention provides 
photocatalysts having activity under the irradiation of visible 
light, and by using the catalysts, substances such as 
acetaldehyde , NOx, benzoic acid, etc., can be photo decomposed . 

The material according to the present invention can be 
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applied to various fields using the activity under visible light . 

From the invention thus described, it will be obvious that 
the invention may be varied in many ways. Such variations are 
not to be regarded as a departure from the spirit and scope of 
the invention, and all such modifications as would be obvious 
to one skilled in the art are intended for inclusion within the 
scope of the following claims. 
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